Abstract-We investigated the effects of microamperage electrical stimulation (MES) on the healing of skin incision in rabbits. Thirty male adult rabbits were randomly divided into sham-treated and experimental groups. Each group was divided into three subgroups, based on the duration of experiment (4, 7, and 15 days). A full-thickness incision was made on the skin of each rabbit. The experimental group received an MES of 200 microamperes current intensity for 2 h/day. Morphometrical and biomechanical evaluations were carried out. The mean number of fibroblasts at day 7 and the mean of tensile strength at day 15 were found to be significantly higher for the experimental group than for those in the sham-treated group (p < 0.01 and p < 0.05, respectively). Daily application of MES significantly accelerated the wound-healing process of full-thickness incision in the rabbits' skin.
INTRODUCTION
Wound healing, the result of a complex tissue repairing process, is a continuing challenge in rehabilitation medicine. Despite some recent advances in understanding its basic principles, problems in wound healing continue to cause significant morbidity and mortality [1] .
Living tissues possess direct-current electropotentials that appear to regulate, at least partly, the healing process. Following tissue injury, a current of injury is generated that is thought to trigger biological repair [2] . Exogenous electrical stimuli have been shown to enhance the healing of wounds in both human subjects and animal models [3] [4] [5] [6] [7] . In recent years, electrical stimulation of very low amplitude and frequency modulation has become an increasingly popular treatment modality [8] . This form of stimulation has been referred to as microamperage electrical stimulation (MES). MES is defined as stimulations with a very low frequency (1 Hz or less) and low intensity or amplitude (1-1,000 μA) [9] .
Substantial evidence exists that MES applied throughout the day significantly accelerates bone healing [10] [11] [12] [13] ; nonetheless, the evidence that MES predictably accelerates dermal repair is less convincing [8, [14] [15] [16] . In view of the recent scientific understanding of the wound-healing process, one would expect a beneficial outcome from an electrotherapy that decreases edema, attracts neutrophils and macrophages, stimulates growth of fibroblasts and granulation tissue, induces epidermal cell migration, inhibits bacteria [17] , decrease the ulcer size [18] , and accelerates healing time [3] in patients. Despite the theoretical basis for using MES to treat cutaneous wounds, not only have no controlled, experimental studies been conducted to demonstrate its effectiveness, but also no stimulation variables used have yet been established. We undertook this study in light of the growing enthusiasm for MES and the paucity of supporting evidence for its use.
Our null hypotheses were (1) the wounds of electrically stimulated animals would not show a significant change in neutrophils, fibroblasts, and blood vessel sections over time in comparison with the wounds of sham-treated group, which has received no treatment; and (2) no significant change in tensile strength would be seen in electrically stimulated animals compared with the sham-treated ones.
METHODS
In this investigation, we studied 30 male adult white Dutch rabbits, weighing a mean of 1,900 ± 270 g standard deviation, all 4 to 6 months old. They were kept in individual cages with access to food and water. All the procedures were approved by the Medical Ethics Committee of Iran University of Medical Sciences.
On day zero, each rabbit was anesthetized by 50 mg/ kg ketamine hydrochloride, intramuscularly injected, along with 5 mg/kg diazepam. The dorsal hair of the rabbits was shaved and cleaned with povidone iodine. Under sterile conditions, we made a 3 cm full-thickness skin incision, including panniculus carnosus. We sutured the incision, located distal to the right scapula, using two interrupted 3/0 silk sutures so that the distance between the two edges of the incision was kept constant at 3 mm in all the rabbits. The animals were randomly divided into sham-treated (n = 15) and experimental (n = 15) groups.
Experimental Group
Treatment was started 24 h after surgery. We used a Micro Plus ™ (Biomedical Life Systems, Vista, California) electrostimulation treatment device. Carbon rubberized (BioDerm ™ , Biomedical Life Systems, Vista, California) electrodes were placed on sterile pads moistened with saline solution. Because we placed the active electrode on the incision, we placed the indifferent one on the shaved area 5 cm distal away from the wound. We applied MES with a 50 percent duty cycle, frequency of 0.5 Hz, current intensity of 200 μA, and current density of 66 μA continuously 2 h/day by negative polarity for the first 3 days. After that, we reversed the polarity of the active and indifferent electrodes. The size of electrode changed the current density; as we decreased the size of the active electrode, the current density beneath the smaller electrode increased and had more localized effects. The larger the electrode, the larger the area over which the current was spread, decreasing the current density [9, [19] [20] . We therefore chose the surface areas of the active and indifferent electrodes to be 3 cm 2 and 16 cm 2 , respectively ( Figure 1 ).
Sham-Treated Group
We applied the same procedure here as we did the experimental group, but with no current.
The rabbits in each group were divided into three equal subgroups ( 
Histological Examinations
We excised the first sample for histological examinations from the wound bed and normal adjacent skin, fixed it in formaldehyde saline, and embedded it in paraffin blocks. Sagittal sections were cut and stained with hematoxylin and eosin. In order for fibroblasts, neutrophils, and blood vessel sections to be counted, we examined 10 zones from the sample morphometrically through a calibrated ocular on a Nikon light microscope (Nikon, Tokyo, Japan) at a magnification of 400×. We performed histological examinations in a double-blind fashion and in accordance with a procedure reported by Young and Dyson [21] , albeit with some modifications.
Biomechanical Examinations
After each animal had been killed, we removed the skin with the wound. We cut standardized 5 mm-wide skin strips perpendicularly to the incisions with a doubleblade cutting instrument. The specimens were then placed in 0.9 percent saline. We began taking measurements within 1 h postnecropsy. From each wound, we obtained one strip specimen. We mounted the specimens in a material testing machine (Zwick 1494, universal testing machine, Ulm, Germany) using two clamps with rough surfaces, with the wound in the middle of the free surface. The jaw space, i.e., the distance between the edges of the clamps, was 5 mm.
Keeping the deformation rate constant at 15 mm a minute, we loaded the specimens uniaxially, so that failure and complete load-deformation curves were recorded by transducers coupled to bridges and sampled in a personal computer by an analog-to-digital converter. From these curves, we calculated load versus strain and stress versus strain and, from these data computed tensile strength. The tensile strength measurement was normalized by the gram tensile strength per square millimeter of the wounded (wound bed) tissue. Analyzed by Student's t-test, the data were presented as mean ± standard error. A probability (p) of <0.05 was considered significant. Mean ± standard error of fibroblasts in ten zones of incisional wound bed in rabbits of sham-treated (Sham) (n = 15) and experimental (Ex) (n = 15) groups at sequential intervals. Student t-test showed significant differences between sham-treated group and experimental group at day 7, p < 0.01. in the sham-treated group throughout the study period; nevertheless, no significant differences were found between the groups.
RESULTS

None
Day 4 After Surgery
The mean number of fibroblasts and blood vessel sections, as well as the tensile strength of the experimental group, were higher than those of the sham-treated group. No significant differences were found in any of the parameters investigated between the studied groups.
Day 7 After Surgery
The mean number of fibroblasts and blood vessel sections, as well as the tensile strength of the experimental group, was higher than those of the sham-treated group. Only the mean number of fibroblasts in the experimental group increased significantly as a result of MES (p < 0.01).
Day 15 After Surgery
The mean number of fibroblasts in the experimental group was higher than that in the sham-treated group. The mean of tensile strength of the experimental group was significantly higher than that of the sham-treated group (p < 0.05).
DISCUSSION
Yarkony, having reviewed medical management of pressure ulcers, reported that although numerous studies have been published on the effects of electrical stimulation on wound healing process, many of them either had a poor sample size or were poorly controlled [22] . Believing that the clinical use of electric stimulation techniques had not been established [17, 22] , Yarkony and Gentzkow called for further studies to determine the benefits and cost-effectiveness of electric stimulation [17, 22] . This is lack of techniques for clinical use is particularly important because a therapist may be required to apply electric stimulation [22] .
MES accelerated the wound-healing process of incisional wounds in rabbits in our study. In addition, a Student t-test rejected our null hypothesis. Therefore, MES, as performed in this study, increased fibroblast counts within 7 days and tensile strength within 15 days of the healing of surgically induced incisional lesions in rabbits.
To understand the mechanism of the effects of MES on the wound-healing process, one must analyze variables that might account for the observed outcome. Konikoff continuously delivered 10 µA current for 7 days with a cathodal electrode to full-thickness 2 cm incisions. The wounds were surgically induced on the skin of rabbit. The tensile strength was twice as high in treated wounds than that in the untreated wounds [14] . Canseven and Atalay examined the effects of direct microcurrents on collagen synthesis in wound healing on the third day of wounding in rabbit skin [15] . Two circular skin wounds were formed bilaterally on the gluteal region; one of the wounds was subjected to a current and the other was chosen as the control. The current intensities were 200 and 400 μA, and the application time was 8 h/day for 3 days. The hydroxyproline content was found to have increased in wound tissue at the end of 72 h of current application. The researchers concluded that collagen synthesis is promoted by electric current [15] .
In the Leffmann et al. study, the wounds were treated 2 h/day with a 100 µA current intensity, 0.3 Hz with a 50-percent duty cycle. Their results showed no significant differences between the MES-treated and control wounds in a change in wound size or any of the histological measurements [8] .
In another study, Byl et al. treated surgically induced partial-thickness, full-thickness, and incisional wounds in Yucatan pigs with MES (100 µA, 1 h/day, 50% duty cycle). No differences were found in tensile strength, collagen density, or visual appearance between the sham and treatment lesions [16] . Byl et al., having concluded that their study did not provide any evidence to support the use of MES to expedite wound healing in the Yucatan pig, stated that further studies were needed to determine whether a critical interaction exists between the size of the electrode and that of the wound, density of the current, duration of the treatment, polarity of treatment electrodes, acuity or chronicity of wounding, and effectiveness of microcurrent stimulation for wound healing [16] . Canseven and Atalay used a current intensity as high as ours (200 µA); furthermore, their animal model and outcome were similar to those in our study [15] . Because the animal model, current intensity, and current density seem to be important factors in MES for enhancing wound healing, in the present study we chose a current intensity higher than those of the Leffmann et al. [8] and Byl et al. [16] studies.
The two following hypotheses may explain the positive effects of MES on wound healing. Cheng and colleagues, analyzing the biochemical effects occurring in the rat skin tissue during stimulation with MES, reported that 10 to 1,000 µA direct current applied to skin strips 0.5 cm thick for 2 h in vitro increased the adenosine triphosphate concentration in the skin by five times [23] . Likewise, the administration of low-intensity (i.e., microamperage) current serves to boost the electromotive force behind the moving ions/radicals sufficient to allow entry into high-resistance zones of pathology (wound bed) [24] and allow favorable metabolism and repair to take place [25] . One can conclude that MES enhances healing by stimulating the circulatory system rather than the neural system.
We applied negative polarity to the wound for the first 3 days and positive polarity thereafter. The negative polarity (and its alkaline reaction) seems to inhibit the growth of bacteria [5] [6] 9] .
We reversed the electrodes after the initial negativepole treatment. Gault and Gatens maintained that the positive pole promoted the migration of skin cells toward the center of the wound, thus decreasing its healing time [26] . Our results demonstrated that MES increased the number of fibroblasts at day 7 and tensile strength at day 15 compared with the sham-treated group.
As fibroblasts mature, they produce a matrix through which other cells can readily migrate and from which delicate new capillaries can obtain mechanical support [27] . On the other hand, during the proliferative phase of repair, fibroblasts of the granulation tissue develop into cells called "myofibroblasts," which are responsible for wound contraction [27] [28] .
Demir et al. made a 6 cm linear incision at the dorsal skin of rats [6] . In that study, Group 1 was given a constant direct current of 300 µA for 30 min/d, and Group 2 was considered the control group. Electrical stimulation proved significantly effective in the inflammation, proliferation, and maturation phases of wound healing in their rats [6] . Demir et al. stated that a small amount of voltage, produced as long as the collagen bundle was subjected to stress, was necessary for the production, continuity, arrangement, and absorption of collagen. They suggested that the recorded current in experimental wounds triggered wound healing [6] .
CONCLUSIONS
Having used MES in light of the aforementioned statements to accelerate wound healing and obtain a stronger scar, we conclude that the daily application of MES on surgically induced incisional wounds significantly accelerates the wound healing process in the rabbit skin. However, further investigations are required to address the stimulation effects in patients (or animals) suffering from conditions (e.g., diabetic mellitus) that seem to retard wound healing.
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